A lethal genetic selection utilizing the bacteriophage A lysis genes (S, R, Rz) has been developed and used in conjunction with a luminescence screen to allow the isolation and characterization of six missense mutations and two nonsense mutations in the luxR gene The regulation of bioluminescence in the marine bacterium Vibrio fischeri has been studied extensively through cloning and genetic manipulation of the lux system in Escherichia coli (3-5, 8-10). Expression of the lux genes in V. fischeri is controlled by a unique form of positive feedback regulation called autoinduction, and this pattern of regulation is duplicated by the cloned system in E. coli (8, 10). The autoinduction response is mediated by the production and accumulation of a small molecule, autoinducer, which is synthesized in the presence of the luxI gene product. This molecule presumably interacts with the luxR gene product to induce the synthesis of the enzymes required for light production. The autoinducer of V. fischeri has been identified as N-(3-oxo-hexanoyl)homoserine lactone (7) and shown to be both freely diffusible across the cytoplasmic membrane and species specific in its ability to stimulate bioluminescence (6, 17) . This molecule has been synthesized in vitro and shown to function in a biological assay (7, 16).
The regulation of bioluminescence in the marine bacterium Vibrio fischeri has been studied extensively through cloning and genetic manipulation of the lux system in Escherichia coli (3) (4) (5) (8) (9) (10) . Expression of the lux genes in V. fischeri is controlled by a unique form of positive feedback regulation called autoinduction, and this pattern of regulation is duplicated by the cloned system in E. coli (8, 10) . The autoinduction response is mediated by the production and accumulation of a small molecule, autoinducer, which is synthesized in the presence of the luxI gene product. This molecule presumably interacts with the luxR gene product to induce the synthesis of the enzymes required for light production. The autoinducer of V. fischeri has been identified as N-(3-oxo-hexanoyl)homoserine lactone (7) and shown to be both freely diffusible across the cytoplasmic membrane and species specific in its ability to stimulate bioluminescence (6, 17) . This molecule has been synthesized in vitro and shown to function in a biological assay (7, 16) .
The lux genes are organized into two divergently transcribed operons, termed rightward and leftward, which are separated by a common regulatory region (2, 8, 11) . The luxR gene is the only known gene in the leftward operon (operonL) and encodes a positive regulatory protein which, in the presence of autoinducer, stimulates transcription of the rightward operon (operonR). This interaction has recently been shown to require the 20-base-pair lux operator located in the control region (3) . OperonR consists of at least six genes (luxICDABE); the luxI gene encodes a protein required for autoinducer synthesis (9) , the luxC, luxD, and luxE genes encode enzymes which provide luciferase with an aldehyde substrate (20) , and the luxA and luxB genes encode the a and 13 subunits of the luciferase enzyme.
The current model describing the autoinduction process suggests that a low basal level of transcription of operonR * Corresponding author.
leads to low-level synthesis of autoinducer by LuxI. High cell density is required for autoinducer to accumulate, since it is freely diffusible across the cytoplasmic membrane. It is by virtue of the diffusible nature of autoinducer that the expression of luminescence is cell density dependent. If the LuxR protein, whose synthesis is regulated at the transcriptional level by the cyclic AMP-catabolite gene activator protein (cAMP-CAP) system (4, 5) , has also accumulated, it can form a complex with autoinducer capable of binding to the lux operator and stimulating transcription of operonR. Positive feedback results from the placement of luxI in operonR, since stimulation of rightward transcription by LuxR and autoinducer leads to the production of more autoinducer by increased levels of LuxI protein. This positive feedback mechanism leads to the sharp induction of the enzymes required for light production. In addition to this primary regulatory circuit, several global regulatory systems in E. coli have been shown to interact with the lux system to affect the timing of induction of bioluminescence. These systems include the heat shock (r32) system and the SOS response (24, 25) . It remains unclear how these systems interact with the components of the lux system to influence the timing of induction.
In this paper, we describe the construction of a plasmid vector which retains an intact luxR gene and regulatory region but lacks all of the genes in the operonR, retaining only a truncated luxI gene. This arrangement affords a system in which operonR transcription is controlled by the addition of synthetic autoinducer but without the positivefeedback mechanism. A potentially lethal transcriptional fusion of the lysis genes (S, R, Rz) from bacteriophage A was created in operonR by insertion downstream of the truncated luxI gene. This vector (pGS102) was used in a lethal genetic selection in conjunction with a subsequent luminescence screen to recover point mutations in the luxR gene. The construction of plasmid pJHD500 has been described earlier (3) . This plasmid is similar to pGS102, except the luxA and luxB genes, encoding the subunits for the luciferase enzyme from Vibrio harveyi, were cloned downstream of the truncated luxI gene, creating a bioluminescent transcriptional reporter for operonR. DNA containing mutations in the luxR gene generated in pGS102 or pGS103 was subcloned into pJHD500 in order to quantitate the ability of the mutant LuXR proteins to stimulate rightward transcription.
Growth of cultures and measurement of bioluminescence in vivo. The ability of the mutant LuxR proteins to respond to autoinducer was determined by monitoring cell growth and aldehyde-stimulatable luminescence of samples withdrawn from cultures grown in 50-ml culture flasks containing (initially) 12 lysis induction were subcloned into pJHD500 to allow transcription from operonR to be measured. To screen for mutations which could respond to higher concentrations of autoinducer, cells containing the luxR mutant derivatives of pJHD500 were replica plated onto solid medium with and without 5 ,uM autoinducer. The LuxR protein with the amino acid change of V821 was the only mutant observed by a visual screen to respond to this (elevated) concentration of autoinducer. To further examine the autoinducer response of the change at position 82, a second mutation was introduced by site-directed mutagenesis which changed the valine at this position to leucine instead of isoleucine.
During the course of these experiments, we became aware of a similar genetic study of the LuxR protein from V. fischeri MJ1 by Slock et al. (22) . These authors describe the isolation of several LuxR missense mutations, one of which was observed to respond to higher concentrations of autoinducer. This mutation resulted in the replacement of the histidine at position 127 with tyrosine. In order to quantitate the autoinducer response of this mutation with our reporter vector, the same mutation was constructed by site-directed mutagenesis in our laboratory and subcloned into pJHD500. The change was introduced by site-directed mutagenesis rather than by subcloning of their mutation because our two groups work on different strains of V. fischeri (ATCC 7744 and MJ1) which have been shown to have differences in the amino acid sequence at four positions within the LuxR protein (3). Thus, we wanted to ensure that the observed phenotype was the result of the change at position 127 and not due to strain differences in the LuxR protein.
Growth curves and luciferase assays in vivo were done for the total of nine luxR mutations cloned in the reporter vector pJHD500. The autoinducer response was measured as the ability of the mutations to stimulate operonR transcription in the presence of autoinducer (2.5 ,uM) above the basal level observed in the absence of autoinducer. The results are summarized in Table 2 , and complete growth curves of those mutations which respond to autoinducer are shown in Fig. 3 . The results presented in Fig. 3 lation above the basal level at an OD6. of 1.5). The site-directed mutants V82L and H127Y responded to a much lower extent, giving only 8 and 6% of the stimulation of the wild-type protein, respectively. The mutant D79N was observed to reproducibly give stimulation of about 1% that of the wild-type protein at a 10-fold-higher autoinducer concentration than that used in the above experiments (data not shown). Both of the position 82 mutants, as well as the H127Y mutant, were screened for response to a range of autoinducer concentrations. With all three of these variants, it was found that elevated levels of autoinducer were required to compensate for the lesion (data not shown). None of the remaining mutants exhibited significant autoinducerdependent stimulation ( Table 2) .
Location of random mutations in luxR. The locations of the randomly generated mutations isolated in this study are shown in Fig. 4 along with two mutations isolated by Slock et al. (22) , G121R and H127Y, which reside in the same region of the LuxR primary sequence. A total of seven randomly generated missense mutations occur within a 49-amino-acid stretch of the LuxR protein spanning residues 79 to 127, labeled as the autoinducer-binding region in Fig. 4 (see Discussion). One mutation isolated during the luminescence screen, H217Y, occurred within a second critical region in LuxR spanning residues 184 to 230 and defined primarily by mutations isolated by Slock et al. (22) (Fig. 4) . sette, and it consists of only 107 codons. The small size of the S gene makes it a small target for mutation, and therefore, the frequency of recovering mutations in the lysis cassette which prevent lethality is very low. In addition, many of the codons constituting the S gene are not mutable by transitions to "knockout" missense mutations or nonsense mutations which result in loss of S protein function. Lastly, a simple secondary screen can distinguish between the desired transcriptional control mutants and unwanted S gene mutants. This screen utilizes the ability of a limited amount of chloroform to substitute for S protein pore formation by disrupting the cell membrane and allowing the diffusion of accumulated murein transglycosylase into the periplasm (12) . The murein transglycosylase, the product of the A R gene, is responsible for degradation of the peptidoglycan in the E. coli cell wall (1). Transglycosylase accumulation does not require S gene function; therefore, mutations which decrease transcription of the lysis cassette will not lyse even in the presence of chloroform, while mutations in the S gene will allow lysis in the presence of chloroform since the transglycosylase can still accumulate and is free to enter the periplasm. Problems encountered in this study while adapting the lysis method to the lux system were mainly a result of different temperature requirements for the lux system, which is isolated from a marine bacterium, and the lysis genes, which normally function in the enteric bacterium E. coli. For example, when E. coli carrying a lysis plasmid was grown at 37°C, cell lysis was observed in the absence of autoinducer. However, cell lysis was not observed in the absence of autoinducer when the cultures were grown at 30°C or lower. This apparently resulted from either an increased basal level of transcription of operonR at 37°C or the ability of the protein products of lysis genes to function more efficiently at the higher temperatures. Temperature therefore appears to be one parameter which can be adjusted to optimize the conditions for the lysis selection and may provide a means for controlling the lethality of the lysis genes, allowing selection of a variety of mutants.
In this study, the A lysis cassette was used to isolate mutations in the luxR gene from V. fischeri with E. coli as a host for the cloned lux genes. A transcriptional fusion was created between the bacteriophage A lysis genes and operonR by insertion downstream of a truncated luxI gene. The resulting plasmid allowed cell lysis to be controlled by the addition of synthetic autoinducer to the growth medium. Mutations in the luxR gene generated by variations of this lysis selection were subcloned into the luminescent reporter vector pJHD500, which created both a secondary screen for defective LuxR proteins and a method for quantitating the ability of these LuxR variants to respond to autoinducer. A total of seven randomly generated missense mutations have been characterized, and by DNA sequence analysis, the lesions have been shown to occur within a 49-amino-acid stretch of the LuxR primary sequence. An additional mutation introduced by site-directed mutagenesis changed the valine at position 82 to leucine. A change of valine to isoleucine at position 82 of LuxR resulted in a protein with 70% of the autoinducer-dependent transcriptional stimulation capacity of the wild-type protein, while changing this same valine to a leucine resulted in a protein exhibiting only 8% of the wild-type response ( Table 2 ). The ability of such conservative changes at position 82 of LuxR, valine to isoleucine and valine to leucine, to dramatically affect the autoinducer response of the resulting proteins suggests that this residue may be involved in direct interaction with the autoinducer molecule. A total of four luxR mutations yielded proteins which exhibited an ability to stimulate transcription of operonR, albeit to lower-than-wild-type levels, while the remaining luxR mutations did not allow any detectable autoinducer-dependent stimulation, even at elevated concentrations of autoinducer. The clustering of the seven randomly generated mutations within the region spanning residues 79 to 127 of the LuxR protein demonstrates that this region of the protein is critical for activity. The ability of several mutations within this region to respond to elevated concentrations of autoinducer suggests that the autoinducerbinding site is composed, at least in part, of amino acids residing within this region.
The possibility that the mutations in the proposed autoinducer-binding region may result in the production of unstable proteins which could give rise to the defective autoinducer response phenotype observed cannot be ruled out by our data. However, two additional mutations isolated by Slock et al. (22) , G121R and H127Y, were shown by Western immunoblot analysis to be synthesized in vivo at levels comparable to those of the wild-type protein. These results increase our confidence that our mutant proteins are VOL. 172, 1990 on November 6, 2017 by guest http://jb.asm.org/ Downloaded from likewise produced at wild-type levels. This is especially true of the mutations at position 82 of luxR which both give stimulation greater than does the H127Y protein, which is synthesized at wild-type levels. It is difficult to imagine a situation in which the proteins with position 82 mutations could give greater stimulation if they were synthesized at levels lower than wild-type levels.
The results of this mutational study of the LuxR protein, coupled with those of Slock et al. (22) , demonstrate that at least two functional regions exist in the LuxR protein. One region spans amino acids 79 to 127 and is proposed to be an autoinducer-binding region, and the other region spans amino acids 184 to 230 (Fig. 4) . Although no experimental evidence demonstrates that the mutations isolated by Slock et al. (22) and the mutation of H217Y isolated in this study, which resides in this second critical region, are in fact defective in DNA binding, there is some recent evidence which supports the hypothesis that a carboxy-terminal DNA-binding region exists in LuxR. Alignment of amino acid sequences similar to those of the LuxR protein by Henikoff et al. (14) revealed that a carboxy-terminal region of LuxR has a sequence similar to regions within nine other diverse bacterial proteins, including five known activator proteins (FixJ from Rhizobium meliloti, MalT and UhpA from E. coli, GerE from Bacillus subtilis, and RcsA from Klebsiella aerogenes). The apparently homologous regions revealed in this computer search have been predicted to form a helix-turn-helix DNA-binding motif at a common position (S. Henikoff, personal communication), which includes residues within the region defined by mutations residing between positions 184 and 230 in LuxR. Further biochemical evidence is required, however, before this region can be unequivocally defined as the DNA-binding region of the LuxR protein.
The primary regulatory circuit controlling the induction of bioluminescence in V. fischeri appears to require three interacting elements: the LuxR protein, the autoinducer molecule, and the lux operator. Early genetic studies in which lux regulatory functions were deleted by transposon insertion mutagenesis demonstrated that the luxR and luxI genes were both required for the proper induction of bioluminescence (8) . Insertions in luxR resulted in loss of a function which could not be recovered by the addition of autoinducer, whereas insertions in the luxI gene were complemented by autoinducer addition. These observations led to a model which suggested that the luxI gene product was required for autoinducer synthesis and that the luxR gene product interacted with the autoinducer molecule to stimulate transcription of operonR. Recent studies supported this model and demonstrated that a 20-base-pair palindrome, the lux operator, located within the control region is also required for autoinducer-dependent stimulation of transcription of operonR (3) . Several mutations in the luxR gene which encoded variant LuxR proteins with altered autoinducer responses were isolated in this study. Demonstration that these mutant proteins can respond to higher concentrations of autoinducer provide the first evidence supporting the direct interaction between LuxR and autoinducer.
